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The overall r”,e constants for collisional relaxation of metastable excited states of Fe+ by He, 
Ar, Kc H,, H,, CO, N,, NO, CH,, and CH,OH have been studied by using charge- 
exchange ion-molecule reaction chemistry. The rate constants vary according to the nature of 
the quenching reagent as well as the energy level and electron configuration of the Fe+ ions. 
In general, NO, CH,, and CHsOH are the most efficient quenching reagents with rate 
constants that approach the Langevin collision rate, whereas the reaction rates for the rare 
gas atoms are slow and vary depending upon the specific electron configuration of the Fe+ 
ion. The mechanism of collisional relaxation is discussed with emphasis on a curve-crossing 
mechanism for the rare gas atoms. An electron-transfer mechanism is described for the 
relaxation of high lying (Fe+)*. (J Am Sot Mass Spectrom 1995, 6, 543-553) 
S tudies of gas-phase ion-molecule chemistry that involve atomic transition metal ions have in- creased steadily over the last decade (see, for 
example, [I]). Much of the previous work has dealt 
with fundamental studies of gas-phase ions [21, but 
more recently there has been growing interest in appli- 
cations of metal ion chemistry as selective ionization 
reagents and structural probes of complex molecules 
[31. Much of the present work focuses on how the 
reactivity of M+ changes if different excited states are 
formed by the ionizing process. 
A long range objective of our research is to use M+ 
ions to ionize biomolecules to form ionic complexes. If 
the ionic complex is formed with excess internal en- 
ergy, possibly due to an excited state of M+, dissocia- 
tion may provide useful structural information about 
the reacting neutral. Alternatively, the ionic complex 
could be activated by collisions [41 or photon absorp- 
tion [5] to yield structural information. At this juncture 
we want to be able to bracket the energy of the 
reacting M+ ions so that we can determine if ground 
state and excited state ions react differently and to 
identify which product ions are formed by which ions. 
For example, a number of studies compare the reactiv- 
ity of M+ formed by different ionizing methods [e.g., 
surface ionization (SI) versus electron ionization and 
fragmentation of larger species ionized by electron 
ionization (EI)] [2d, 2g, 2hl. The SI method produces 
predominately ground state ions, denoted (M+P, and 
the EI method produces a significant amount of ex- 
cited state ions, denoted CM+)*. Other studies have 
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sought to produce (M+Y’ ions by initial formation of 
reactant M+ by electron ionization of volatile metal- 
containing compounds (e.g., metal carb0n.y) or laser 
vaporization, and then allowing M+ to undergo colli- 
sions with a bath gas such as Ar to deplete the elec- 
tronically excited ions [2d, 61. 
Despite recent progress in state-selected chemistry 
involving M+, few detailed collisional relaxation stud- 
ies of CM+)* have been reported. Strobe1 and Ridge [2il 
studied the reactions of electronically excited (Mn+)* 
ions with CH, and found that ionic product ions are 
not formed because the competitive energy transfer 
process (collisional relaxation) is more efficient. In the 
same study Strobe1 and Ridge estimated that the rate 
constant for the collisional relaxation of (Mn+)* by 
CH, to form (Mn+)” is (1.88 f 0.35) X lo-’ cm3 mole- 
cule-’ s- I. In an earlier study Ridge and co-workers 
[2h] observed that electronically excited (Cr’)* ions 
react with CH, via two pathways, namely, collisional 
relaxation and formation of ionic products, and the 
primary process is collisional relaxation to form ground 
state Cr+ ions. They invoked a chemical relaxation 
mechanism to explain the spin-forbidden collisional 
relaxation of (Cr’)* and (Mn+)* by CH, [2h, 2il. 
Armentrout and co-workers [71 also examined colli- 
sional relaxation of electronically excited Fe+ ions by 
He and Ar in an ion beam experiment. Their results 
show that collisional relaxation (by He or Ar) of (Fe+)* 
ions to form ground state (Fe+)“ ions is inefficient. For 
example, a small fraction of the (Fe+)* ions are not 
completely quenched by approximately lo5 collisions 
with He. Armentrout and co-workers postulated a 
curve-crossing mechanism to explain collisional relax- 
ation of (Fe+)* ions by rare gas atoms [4]. Kemper and 
Bowers developed an ion mobility experiment, re- 
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ferred to as electronic state chromatography (ESC), 
that can be used to separate ions of the same metal on 
the basis of electron configuration. CM+)* with differ- 
ent electron configurations exhibit different spatial and 
temporal distributions as they diffuse through a buffer 
gas. Collisional relaxation is observed as a “filling in” 
between the CM+)* arrival time distribution (ATD) 
peak and the (M”Y’ peak in cases where the peaks are 
well resolved. Collisional relaxation in the ESC experi- 
ment occurs only in cases where CM+)** ion has a 3d” 
electronic configuration and a 4s’3d”-’ (M+Y elec- 
tronic configuration. &In+)* and (Fe+)* are the only 
ions reported to undergo collisional relaxation with He 
at low drift fields. However, (V’)* and (Co+)* show 
substantial increases in deactivation at high drift fields, 
whereas other CM+)* ions do not collisionally relax to 
form CM+)” at high drift fields. Kemper and Bowers 
also invoked a curve-crossing mechanism proposed by 
Armentrout and co-workers to explain their observa- 
tiOllS. 
We recently reported the use of dissociative and 
nondissociative charge-exchange ion-molecule reac- 
tion chemistry to measure the relative abundance of 
metastable electronic states of CM+)* [51. We now use 
this method coupled with a differentially pumped 
two-section cell Fourier-transform ion cyclotron reso- 
nance mass spectrometer (ET-ICR/MS) to probe the 
collisional relaxation of metastable electronic states of 
CM+)*. Results from these studies show that the colli- 
sional relaxation efficiencies depend not only on the 
individual electronic states of the CM+)* ion, but also 
on the nature of the collisional relaxation reagent. For 
instance, in a previous paper [2a] we proposed that 
electronically excited (Fe+)* ions undergo collisional 
relaxation with NO to form a 4s2d5 (Fe+)* ion and 6D 
(Fe+)” ion, and the 4s23d5 (Fe+)* ion is unreactive 
(does not collisionally relax to form ionic products) 
with NO. In this paper, we show that the rate con- 
stants for the collisional relaxation process depend 
upon the specific (Fe+)* ion and the nature of the 
quenching reagent. The overall bimolecular collisional 
relaxation rates to form (Fe+)” are also determined on 
the basis of clustering ion-molecule reaction energy 
181. The collisional relaxation rate constant for (Fe+)* 
ions of different energies and with different reagents 
are compared. 
Experimental 
The instrument used for these studies has been de- 
scribed in detail elsewhere [91. Briefly, the instru- 
ment consists of a custom-built, differentially pumped 
two-section ion cyclotron resonance (ICR) celI and vac- 
uum system, an Extrel (Madison, WI) FTMS 2001 
computer-electronics system, and a 3-T (15-cm bore) 
superconducting Oxford magnet. The two-section cell 
consists of two 3.8 X 3.8 X 3.8-cm cells that share a 
common trap plate that serves as a conductance limit. 
The conductance limit has a l-mm radius aperture in 
the center that allows ions to be transferred between 
the two differentially pumped cell regions [lo]. 
Samples were introduced into the cell by variable 
leak valves [Varian (Walnut Creek, CA) model 951- 
51001 and the static pressure of the gas was measured 
by a series 270 Granville Phillips (Boulder, CO) ioniza- 
tion gauge controller. The reactant Fe+ ions were pro- 
duced by 70-eV electron impact (EI) ionization of 
Fe(CO),. The electron beam energy reading was cor- 
rected following calibration to the ionization energy of 
argon [15.76 eV for Ar+(‘P,,,)] [ll]. The electron emit- 
ter emission current was regulated by maintaining a 
constant current of 2 + 0.2 /.LA between the filament 
and a collector positioned approximately 1 cm behind 
the filament. The electron beam current that traverses 
the ion cell under these conditions is approximately 
100 ru4. It is important to maintain this level of elec- 
tron beam current to prevent overfilling the trap with 
ions, which would result in space-charge effects. The 
electron beam was pulsed on for a duration of 5 ms 
and ion cell trapping voltage was varied over the 
range 1 to 6 V (25-150 V/m). 
The experiments described in this study were per- 
formed by using the two-section ion cell mode. Fe(CO), 
was introduced in region 1 and the quenching reagents 
were introduced in region 2. Both regions 1 and 2 were 
maintained at a static pressure of 2 x lo-’ torr after 
the introduction of Fe(CO), and the various quenching 
reagents in the respective regions. The experimental 
pulse sequence for two-section ion cell experiments 
and specific details of the two-section ion cell ion 
transfer experiments can be found elsewhere [12, 131. 
Fe(CO), was ionized in region 1 of the two-section cell, 
and the reactant Fe+ was then isolated by using ion- 
ejection techniques [14]. Mass selection of Fe+ by ion 
ejection was accomplished by sweeping the rf oscilla- 
tor over two ranges of frequencies (“chirp excitation” 
method). The first ejection sweep was over a frequency 
range that corresponds to m/z 18 to 36, and the second 
ejection sweep covered the frequencies that corre- 
sponds to m/z 76 to 300. The rf oscillator was swept 
over these two frequency ranges to eject all unwanted 
ions as well as to minimize translational excitation of 
Fe+ ions caused by both “off-resonance” excitation 
and tailing of the chirp excitation [15]. Following the 
isolation step, Fe+ was transferred to region 2 of the 
two-section ion cell and allowed to undergo collisions 
with various reagents (He, Ar, Kr, H,, *H2, CO, N,, 
NO, CH,, and CH,OH). The collisional relaxation time 
between Fe+ and the quenching reagents was varied 
between 0 and 2 s. Fe+ ions were then repartitioned 
back to the reaction chamber (region 1) and allowed to 
react with the neutral Fe(CO), for 100 rns. 
Ions previously trapped in both regions of the two- 
section ion cell were removed by applying a “quench” 
pulse before new ions were formed. Following isola- 
tion of the reactant Fe+ as described above, ions 
trapped in region 2 of the two-section ion cell during 
the ion formation step were removed by another 
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“quench” pulse before the reactant Fe+ was parti- 
tioned to region 2. Following collisional relaxation of 
Fe +, the reaction chamber (region 1) was again 
“quenched,” that is, the previously trapped Fe+ ions 
that did not transfer to region 2 during the initial ion 
transfer event were removed from region 1 of the ion 
cell. 
In these types of studies, it is important to ensure 
that the reactant M+ is cleanly isolated to unequivo- 
cally assign the observed chemistry. For example, 70-eV 
electron impact of FefCO), can produce doubly charged 
ions [16]. One such possibility that was a concern in 
these experiments is the Fe(CO)g+ doubly charged ion 
with the same nominal mass-to-charge ratio value as 
Fe+. We previously examined this issue by high reso- 
lution mass measurement and showed that the signal 
at M/Z 56 is > 96% Fe+ and the abundance of ions 
such as Fe(CO)z+ is too low ( < 1%) to affect the data 
reported herein [2al. 
Another concern in performing collisional relaxation 
experiments in an ICR ion cell is the z-axis component 
of kinetic energy as a result of the trapping voltage 
used to constrain ions. We examined the ion chemistry 
reported herein over a range of trapping voltages (1 to 
6 V) and found no significant effect (&lo%) on the 
charge-exchange ion-molecule reaction chemistry of 
the Fe+ collisional relaxation process. This observation 
is also in agreement with previous studies that probed 
the effect of trapping voltage on relative abundances of 
metastable electronic states of Fe+ formed by EI of 
FefCO), [2a]. 
It is also important to show that the Fe(CO)z 
charge-exchange product ions are indeed formed by 
charge exchange and not by ligand exchange-substitu- 
tion reactions. We demonstrated this by mass selection 
of the %Fe+ isotope (- 4% relative abundance) and 
reaction of it with Fe(CO), (92% 56Fe). These experi- 
ments showed that the Fe(CO)z product ions have the 
same isotopic distribution 54Fe:56Fe:57Fe as the reactive 
Fe(CO), (6:92:2). 
Fe(CO), samples were obtained from commercially 
available sources (Strem Chemical Inc.). Nitric oxide, 
methane, hydrogen, carbon monoxide, and krypton 
were obtained from Matheson Gas Products, Inc. 
(MGP) (East Rutherford, NJ). Helium and argon were 
purchased from AIRCO, deuterium was obtained from 
MSD Isotopes, Division of Merck Frosst Canada Inc., 
and methanol was obtained from Mallinckrodt (St. 
Louis, MO). Sample preparation involved freezing the 
Fe(CO), and CH,OH samples in liquid nitrogen and 
pumping out air and other noncondensable gases for a 
period of a few minutes. All other samples were used 
as received without further purification; the sample 
purity was verified by examination of the 70-eV elec- 
tron impact ionization mass spectra of each reagent 
gas. Sample purities were as follows: carbon monoxide 
commercial purity ( minimum 99.5%), methane ultra- 
high purity (99.97%), krypton research grade (99.995%), 
deuterium (99.9%), helium and nitrogen (99.995%), 
argon (99.998%), hydrogen (99.99%), and methanol 
spectrophotometric grade (99.8%). The listed mini: 
mum commercial purity of nitric oxide is 99.0%; how- 
ever, electron impact data revealed that the homogene 
ity of the NO sample is dependent on the extent of 
exposure to 0, and light [2al. The primary contami- 
nants of NO are N,, N,O, and NO,, but the amount of 
each impurity can be minimized by careful control of 
exposure to 0, and light. The buildup of impurity was 
monitored (by EI mass spectrometry) during the course 
of all experiments. If the ion signals for N,, N,O, or 
NO, increased to 5% relative abundance or greater the 
experiments were interrupted and the NO gas was 
purged. 
Collisional relaxation rate constants were calculated 
in the following manner. First, all ion abundances were 
calculated from integrated peak areas. The calculated 
ion abundances for the reactant Fe+ and. all product 
ions were then summed for each spectrum, and each 
ion in the spectrum was normalized to the total ion 
signal (Imi/CImi). The normalized ion abundances at 
time fi were then divided by their respective intensi- 
ties at zero collisional relaxation time (t,): [(lmi/ 
CImi)ti/(lmi/Clmi)t,]. 
Collisional relaxation rates were calculated by using 
a “simplex” nonlinear least-squares fitting routine [ 171. 
Details concerning this program have been described 
elsewhere [18]. Pressure readings for each quenching 
reagent were corrected for ionization gauge sensitivity 
according to the method described by Bartmess and 
Georgiadis [ 191. 
Results 
The ion-molecule reaction chemistry of Fe+ with 
Fe(CO), was presented in previous papers [51. Briefly, 
Fe+ reacts with neutral Fe(CO), according to reactions 
1-8: 
Fe+ + Fe(CO)s 
Fe(CO)l + Fe 
Fe(CO)l+ Fe + CO 
Fe(CO)z + Fe + 2C0 
Fe(CO)i + Fe + 3C0 
Fe(CO)+ + Fe + 4C0 
Fe,(CO): + 3C0 
Fe,(CO)l + 2C0 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
L Fe,(CO): + CO (8) 
Reactions l-5 are nondissociative and dissociative 
charge-transfer reactions and reactions 6-8 are conden- 
sation or clustering reactions [201. The charge-transfer 
products (reactions l-5) and the ionic cluster frag- 
ments Fe,(CO): and Fe,(CQ): are formed by reac- 
tions of electronically excited metastable states of 
(Fe+)*, whereas the Fe,(CO),+ ionic cluster fragment is 
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formed exclusively by reactions of (Fe+)“. The elec- 
tronic states that give rise to these reactions are listed 
in Table 1. The ionization energy (7.92 eV) of Fe+ is the 
average over the spin-orbit levels rather than the adia- 
batic value of 7.90 eV. The thermochemical data for 
Fe+ are taken from Garstang [21] and the appearance 
energies for the charge-transfer product ions are based 
on photodissociation measurements 1221. The thermo- 
chemical data are in reasonable agreement with recent 
measurements by Norwood et al. [231 with the possi- 
ble exception of FeCO+. We have some doubts as to 
whether FeCO+ is formed in the ground state or a 
long-lived excited species [24]; therefore the appear- 
ance energy value for FeCO+ listed in Table 1 is taken 
from Rosenstock et al. rather than the value reported 
by Norwood. 
In this paper, we present results of studies on bi- 
molecular collisional relaxation of (Fe+)*. The relative 
abundances of (Fe+)“ and (Fe+)* states are measured 
by using the clustering and charge-exchange ion- 
molecule reaction product ion distributions [51. The 
abundances of product ions [Fe(CO): and/or 
Fe&O):] from reaction of (Fe+)* and the neutral 
Fe(CO), are measured before and after (Fe+)* is al- 
lowed to react with the collision gas (see Experimental 
section). For example, the 4F Fe+ reacts with FefCO), 
to form the Fe(CO)l charge-transfer product ion. The 
rate of collisional relaxation of the 4F Fe+ state is 
determined by measuring the rate of disappearance of 
the Fe(CO): charge-transfer product ion following col- 
lisional relaxation of the reactant (Fe+)* with selected 
collision gases. Likewise, the collisional relaxation rates 
of ions in higher lying excited states can be determined 
by measuring the rates of disappearance of ionic 
charge-transfer products [Fe(C0)5] with energies 
that correspond to those states. The Fe(CO)l charge- 
exchange product ions can be formed by several dif- 
ferent (Fe+)* ions; thus, the measured decay rates 
provide information on the reactivity of all ions that 
react to give a particular product ion. In a previous 
paper, we presented arguments that the Fe(CO)l 
product ion abundances can be used to bracket the 
energies of the reacting (Fe+)* ions. The same assump- 
tions are presumed valid for this work as well (vide 
infra). 
Collisional relaxation of (Fe+)* by He, Ar, Kr, H,, 
2H2, N2, CO, CO,, NO, CH,, and CH,OH was exam- 
ined. Figures l-5 contain plots of the log relative 
abundances (I/I,) of Fe(CO)l charge-transfer product 
ions as a function of reaction time (residence time in 
region 2) between (Fe+)* and He, Ar, H,, CO, and 
CH,, respectively. Although the data for each collision 
Table 1. Ionization energies of selected electronic states of Fe+, the appearance energies of the 
charge-transfer product ions, and the relative abundances of excited states of Fe+ [70-504 EI of 
FeKO),] estimated from the charge-transfer ion-molecule reaction chemistry data 
Excited 
states, 
Ionization Appearance Charge- relative 
energy energy transfer abundance 
State Configuration (eV) (eV) product (%I 
*G 4s’3de 11.64 10 
11.53 Fe(CO)+ 
2G 3d7 9.86 
4P 3d7 9.56 
4D 4s’3ds 8.90 
4F 3d7 8.17 
=0 4s’3ds 7.92 
4s’3ds 
4s’3de 
4s’3de 
4s’3d6 
4s23d5 
4s’3ds 
4s’3d6 
4s’3de 
3d’ 
3d7 
3d7 
11.26 
11.12 
11.07 I 
11.021 
10.76 
10.68 
10.51 
10.45 
10.42 
10.39 
10.17 
10.68 Fe(CO): 
9.87 Fe(CO)i 
8.77 
7.98 
Fe(CO)l 
I 
Fe(CO)l 
10 
10 
30 
40 
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Figure 1. A plot of log normalized relative abundance (I/Is) of 
Fe(C0): charge-transfer product ions as a function of reaction 
time between Fe+ [produced by 70-eV electron impact of 
Fe(CO)s] and He. The Fe(CO)c charge-transfer product ions are 
formed by reactions of (Fe+)* with Fe(CO)s and are used to 
bracket the energies of (Fe+)* before and after collisional relax- 
ation by He. Fe(CO)+ (M), Fe(C0); (+), Fe(CO); (*), Fe(C0): 
( 0 ), and Fe(C0): ( x ). 
-I X -0.9 * 
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Figure 3. A plot of log normalized relative abundance (I/I,,) of 
Fe(CO)y+ charge-transfer product ions (reactions 1~5) as a func- 
tion of reaction time between the reactant Fe+ [7O-eV electron 
impact of Fe(CO)s] and Hr. The FeCCO); charge-transfer prod- 
uct ions are formed by reaction of Fe+ with Fe(CO)s. Fe(CO)+ 
( n ), Fe(C0); (+ ), Fe(CO)$ (* ), Fe(CO):- (0), and Fe(C0); 
(xl. 
ally relaxed, whereas the abundances (not shown) of 
Fe,(CO): and Fe,(CO): ionic cluster fragments de- 
crease as (Fe+)* is collisionally relaxed. The rate at 
which the Fe,(CO),+ ionic cluster fragment population 
increases depends upon the collisional relaxation 
reagent used. For example, when NO or CH,OH is 
used as the quenching reagent, the abundance of 
Fe,(CO),+ increases during the first 500 ms and re- 
mains constant at longer collisional relaxation times. 
Conversely, the abundance of Fe,(CO),+ increases 
steadily during the entire collisional relaxation time 
gas are similar, there are notable differences. For exam- 
ple, the collisional relaxation data for He and Ar show 
that the relative abundance of Fe(CO)l charge-transfer 
product ions are continually depleted during the entire 
reaction time. Note, however, that a significant fraction 
of the (Fe+)* ions that give rise to Fe(CO)l ( y = 1, 
2, and 4) react very slowly and the ion population 
levels off after approximately 1 s. 
Figure 6 contains plots of the abundances of 
Fe,<CO),’ ionic cluster fragments formed by reaction 8 
as a function of collisional relaxation time of (Fe+)* 
with various reagents. The abundance of Fe,(CO),+ 
ionic cluster fragments increases as (Fe+)* is collision- 
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Figure 4. A plot of log normalized relative abundance (I/Is) of 
Fe(CO)l charge-transfer product ions (reactions l-5) as a func- 
tion of reaction tune between the reactant Fe+ [70-eV electron 
impact of Fe(CO)s] and CO. The Fe(CO)l charge-transfer prod- 
uct ions are formed by reaction of Fe’ with Fe(CO)s. Fe(CO)+ 
:II; Fe(C0); (+), Fe(CO); (*), Fe(CO),+ (O), and Fe(C0); 
Figure 2. A plot of log normalized relative abundance (Z/Is) of 
Fe(C0): charge-transfer product ions (reactions l-5) [S] as a 
function of reaction time between Fe+ [7O-eV electron impact of 
Fe(CO)s] and Ar. Fe(CO)+ ( W ), Fe(CO): (+ ), Fe(CO): (* ), 
Fe(CO): (0 ), and Fe(CO)l ( X ). 
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Figure 5. A plot of log normalized relative abundance (I/I,) of 
FefCOJG charge-transfer product ions (reactions l-5) as a func- 
tion of reaction time between the reactant Fe+ [7O-eV electron 
impact of Fe(CO)s] and CH,. The FefCO): charge-transfer prod- 
uct ions are formed by reaction of Fe+ with FefCOJ,. FefCOJ” 
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Figure 6. A plot of the normalized relative abundance of 
Fe2(CO),’ ionic cluster fragment (reaction 8) as a function of 
reaction time between the reactant Fe+ [70-eV electron impact of 
FefCOJs] and various reagents. (a) H, (=J, *H, (+J, NO (*I, 
CH, (Cl), CHaOH (XJ, and Nr (A); (bJ He (WJ, Ar (+J, Kr (*I, 
and CO (0). 
when H,, *Hz, N,, CO (not shown), or CH, is used as 
the collision gas. 
The rate constants for the disappearance of Fe(CO),+ 
charge-transfer ionic products and for the formation of 
Fe,(CO),f ionic cluster fragments following collisional 
relaxation of (Fe+)* with various reagents are summa- 
rized in Table 2. The rate constants listed in Table 2 
correspond to the rate of depletion of Fe(CO)T 
charge-transfer product ions that are reactive over 
the period of 100-200 ms following collisional relax- 
ation. We have not attempted to determine rate con- 
stants for the slowly reacting population (reaction time 
> 200 ms). 
Discussion 
A major objective of the current work is to develop a 
semiquantitative method to bracket the energies of 
(Fe+)* ions that are reacted with functionalized or- 
ganic molecules, for example, small molecules that can 
serve as models for peptides. For example, we exam- 
ined the reactions of Fe+ [formed by EI of Fe(CO),] 
with formamides and acetamides and found that the 
product ions formed depend upon the energy (electron 
configuration) of the reacting metal ion [25]. The next 
step is to ascertain whether the reaction chemistry of 
Fe+ ions can be used to provide specific structural 
information about the neutral reactant. The approach 
for these studies is to use collisional relaxation chem- 
istry to select (Fe+)* with a particular range of ener- 
gies and allow the ions to react with the neutral of 
interest; therefore, the ion population sampled in this 
manner will be composed of (Fe+)” and the desired 
(Fe+)* ions that are unreactive or slowly reacting with 
the relaxation reagent. Thus, an important objective of 
this study is to determine which (Fe+)* ions and what 
fraction survive reactions with the various relaxation 
reagents. 
The bimolecular collisional relaxation data for 
(Fe+)* presented in this paper are taken from (1) 
charge-exchange ion-molecule reaction chemistry of 
Fe(CO)i decay curves and their relationship to (Fe+)*, 
(2) reaction pathways that involve (Fe+)* that are in 
competition with the collisional relaxation processes, 
(3) relative efficiency of collisional relaxation of (Fe+)* 
Table 2. The rate constants k [km3/s) x 10-lo] for the disappearance of FefCOJi and the formation of Fe,(COJi following 
collisional relaxation of (Fe+)* with various reagents 
. 
Nitric Carbon 
Fe(CO,)+ Helium Argon Krypton Hydrogen Deuterium Methanol Nitrogen oxide monoxide 
y=5 0.029 0.032 0.018 0.48 0.60 4.3 1.2 5.8 1.9 
y=4 0.42 2.3 3.6 1.2 0.88 5.0 2.3 8.4 4.6 
y=3 0.44 2.3 2.7 1.3 1 .o 5.8 2.4 14 5.2 
y=2 1.1 3.6 8.1 4.0 3.7 23 6.0 - 6.3 
y=l 0.57 0.40 3.9 0.39 0.27 5.7 2.7 13 3.8 
Fe&O): 0.31 2.0 1.9 0.97 0.98 7.7 1.6 9.2 1.8 
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by various reagents, and (4) the collisional relaxation 
mechanisms. 
Basic Assumptions and Limitations of 
Charge-Exchange lon-Molecule Reactions to Probe 
Energies of Reactant Ions 
In the studies described herein, we use the abundances 
of charge-exchange ion-molecule product ions to 
“read” the internal energies of the reactant Fe+ ions. 
The use of charge-exchange ion-molecule reactions to 
measure abundances and energies of (Fe”)* ions re- 
quires that certain fundamental assumptions be made. 
Of key importance is whether the (Fe+)* ions react to 
form the lowest energy charge-exchange product ions 
or react via channels that result in the lowest energy 
difference (AE) between reactant states and ionic 
products. In an earlier paper, we examined this ques- 
tion and argued that the high lying states that react to 
form the Fe(CO)+ ion do not react to form other 
product ions; for example, once the precursor to 
Fe(CO)z has reacted away, other (Fe+)* ions do not 
react to form this product (see Figures l-3). In addi- 
tion, the high lying (Fe+)* ions that react to form 
Fe(CO)$ are not depleted by reaction with NO; these 
ions react with Fe(CO), to form only Fe(CO): [2al. 
Clearly these (Fe+)* have sufficient energy to form 
Fe(CO)i ( y = 3-5), but react via a single reaction 
channel. Photodissociation studies of Fe(CO)l ions 
show high selectivity in terms of product ions [26]. For 
example, the only photofragment ion of [Fe(CO),+l*, 
formed by photoexcitation at 458-524.5 run (2.71-2.41 
eV), is FefCO):. Clearly, the [Fe(CO):l* ion has suffi- 
cient energy to produce Fe(CO)c, but the excess en- 
ergy (N 0.81 eV) must be partitioned as energy of 
translation or internal energy of the photofragment of 
the ion and neutral. Lastly, (Fe+)* formed at low 
ionizing energy reacts with Fe(CO), to form a greater 
amount of Fe(CO)G ( y = l-2) relative to the y = 3-5 
ions (see Figure 2 in ref 5). This observation has two 
implications: (1) at low ionizing beam energy, high 
lying (Fe+)* ions are formed in greater abundance 
than are the low energy ions and (2) the high lying 
(Fe+)* states react to form the high energy charge- 
exchange product ions. 
The rationale we use to explain the selectivity of the 
charge-exchange reaction is to consider ion product 
formation as a two-step process, reaction 9. The frag- 
ment ions formed by dissociation of the [(Fe(CO),)+]* 
are determined by the internal energy content of the 
precursor ion. However, if two product ions are ener- 
getically accessible, formation of the lower energy 
product ion requires that a greater amount of the 
excess energy be partitioned as translational energy or 
retained as internal energy of the ionic and neutral 
fragments. 
(Fe+)* + Fe(CO)s + Fe” + [(Fe(CO)s)+ I* 
- Fe(CO)i + (5y)CO (9) 
Effect of ionic Products Formed by (Fe ‘)* on 
Collisional Relaxation Rate Constants 
An important consideration for determination of the 
rate constants for the collisional relaxation of (Fe+)* is 
to differentiate between the ionic product channels and 
collisional relaxation reactions. ColIisional relaxation of 
(Fe+)* by He, Ar, and Kr is not affected by highly 
endoergic charge-exchange reactions (ionization ener- 
gies: He = 24.6 eV [27], Ar = 15.76’eV [8], and Kr = 
14.00 eV [28]). Therefore, in the reaction of (Fe+)* with 
He, Ar, and Kr the rate of disappearance of Fe(CO)l is 
a direct measure of collisional relaxation. Reactions of 
(Fe+)* with N, or CO do not yield any detectable 
products because N-N and C-O bond activation 
is highly endothermic; therefore, the abundance of the 
charge-transfer product ions formed following the re- 
action of (Fe+)* with N, or CO provides a direct 
measure of the collisional relaxation rate. 
The (Fe+)* ions react with NO by collisional relax- 
ation to form 6D (Fe+)* and ‘?S (Fe+)*_ ions, by charge- 
transfer reactions to form NO+, and by associative 
reaction to form Fe+(NO) [2al. Thus, the disappear- 
ance rate of Fe+ in reactions with NO gives a measure 
of product-forming [e.g., NO” and Fe+(NO)I and col- 
lisonal relaxation channels. Conversely, monitoring the 
rate of disappearance of Fe(CO)i (formed by reactions 
l-5) as a function of reaction time between (Fe+)* and 
NO provides a direct measurement for the rate of 
disappearance of (Fe+)* ions that have a specific range 
of energies. Collisional relaxation of high lying (Fe+)* 
states (energies greater than 9.26 eV) by NO competes 
with the charge-transfer reaction (to form NO+). How- 
ever, the 4s’3d6 (Fe+)* ions with ionization energies 
greater than 10.71 eV react with NO predominately 
to form the 4s23d5 (Fe+)* ion, whereas the charge- 
transfer reaction proceeds (determined by the rate of 
NO+ formation) at approximately 50% the overall rate 
for the depletion of the 4D, 4P, and ‘G (Fe+)* ion [291. 
On the other hand, collisional relaxation of the (Fe+)* 
states below 9.26 eV does not compete with the 
charge-transfer channel because (Fe+)* ions in these 
states do not have sufficient energy to undergo charge 
transfer with NO (ionization energy = 9.26 eV) [30]. 
Armentrout and co-workers [31] reported that 
(Fe+)* reacts with CH, to form FeH+ and FeCHi, but 
these products are only observed as minor products 
(- 1% relative abundance) in the ICR experiments. 
The reactions that give rise to these products are en- 
dothermic by approximately 2 eV for ground state 
(Fe+)“. Because the relative abundances (- 1%) of 
FeH+ and FeCHl product ions are small, we do not 
expect these reactions to contribute significantly to the 
depletion of (Fe+)*. Thus, depletion of (Fe+)* in reac- 
tion with CH, is attributed to the collisional relaxation 
process. 
The FeOH+ is the only product ion (rate constant 
8 x lo-” cm3 s-‘1 [2hl detected in reactions between 
(Fe+)* and CH,OH. Because this reaction is endother- 
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n-tic for (Fe+)” by 0.70 f 0.20 eV [2hl, FeOH+ must be 
formed by reactions of (Fe+)* ion(s). Because the 
FeOH” product ion is formed by C-O bond inser- 
tion of (Fe+)*, collisional relaxation and formation of 
FeOH+ could possibly involve a common intermedi- 
ate. There are several (Fe+)* states with the correct 
electron configuration and sufficient energy to form 
FeOH+. However, collisional relaxation appears to be 
the dominant reaction channel, and the production of 
the FeOH+ does not significantly affect’ collisional re- 
laxation data. 
The Fe,(CO): ionic cluster fragment (reaction 8) is 
formed by reaction of the ground state 6D (Fe+)” ion, 
and the rate for formation of Fe,(CO): ionic cluster 
fragments following bimolecular collisional relaxation 
of (Fe+)* provides an estimate for the overall rate at 
which (Fe+)* collisionally relaxes to form the 6D (Fe+)“. 
Single Exponential Versus Multiexponential 
Fe(CO)c Decay Curoes 
Single versus multiexponential decay curves are the 
most commonly used diagnostic to determine whether 
an ion population is composed of one or more reactive 
species. However, multiexponential decay curves can 
be detected only in those cases where the rates of 
reactions of the two species are significantly different. 
Previous studies have shown that the reactivity of 
(Fe+)* ions depends upon spin, electron configuration, 
and/or energy level [2]. Thus, it seems reasonable to 
assume that collisional relaxation reactions will show 
similar specificity. Indeed, Figures l-5 clearly show 
that the rates of reactions of (Fe+)* that yield Fe(CO)i 
charge-transfer product ions are different. With the 
exception of Fe(CO)$, which is formed by reaction of 
only the 4F (Fe+)* ion, Fe(CO)l ( y = l-4) ions are 
formed by reactions of Fe+ in more than a single 
electronic state; thus the measured rate of disappear- 
ance of Fe(CO)l corresponds to the depletion of (Fe+)* 
in several states. In some cases, ions in various states 
are quenched at significantly different rates and multi- 
component decay curves are observed. For example, 
Fe(CO)i can be formed by reactions of 4D Fe+, 4P Fe+, 
and *G Fe+ ions, and the disappearance curves for the 
Fe(CO),+ (with He, Ar, Kr, H,, ‘Hz, N,, CO, NO, 
CH,, and CH,OH) suggest that more than one (Fe+)* 
ion is present. On the other hand, the Fe(CO)l 
charge-transfer product ion can be formed by reactions 
of the 2P Fe+, 2H Fe+, 2D Fe+, 4P Fe+, and 4H Fe+ 
ions, but the disappearance curves for Fe(CO): (Fig- 
ures l-5) do not show distinctive features that can be 
attributed to different rates. Apparently, collisional 
relaxation of these states (assuming all states are 
formed) proceeds at approximately the same rate. The 
rate of disappearance of Fe(CO)t following reaction of 
(Fe+)* with N2, CO, and CH, shows two distinctive 
features that correspond to slow and fast relaxation 
rates. Thus, the reactions with N,, CO, and CH, ap- 
pear to be more sensitive to the different types of 
(Fe+)* than reactions with the other quenching 
reagents. 
Fe(CO): is formed by the reaction of Fe+ in six 
electronic states that have two electron configurations 
(4s23d5 and 4s’3d6) and three spin states (doublet, 
quartet, and sextet). The disappearance curves for 
Fe(CO): following reactions of (Fe+)* with He, Ar, 
=, H,, 2H2, CO, N,, NO, CH,, and CH,OH clearly 
show that there are two types of (Fe+)* ions in this 
experiment. A fraction of the (Fe+)* ions are depleted 
by I.32, 2H2, CH,, and CH,OH, but a significant 
fraction of the ions are unreactive, whereas the disap- 
pearance curves for the rare gas atoms are clearly 
multicomponent. We suggest that the reactive fraction 
corresponds to Fe + ions in the high lying s’3d6 Fe+ 
states and the unreactive fraction corresponds to the 
6S Fe+ ions. These assignments are based on molecular 
orbital considerations and are consistent with the reac- 
tion chemistry of (Fe+)* with H,, 2H2, CH,, and 
CH,OH; that is, the s2d5 is a very stable electron 
configuration and the doubly occupied s-orbital is 
highly repulsive in reactions with 2H2, CH,, and 
CH,OH [32]. Although the decay curve for Fe(CO): 
following reactions of (Fe+)* with NO appears to show 
only a single unreactive component, the existence of 
two types of (Fe+)* ions was previously demonstrated 
[2al. In addition, collisional relaxation data for He, Ar, 
KG H,, 2H2, CO, N,, NO, CH,, and CH,OH clearly 
indicate two different types of (Fe+)* ions. Again, the 
two types of (Fe+)* ions probably have the 4s23d5 and 
4s’3d6 electron configurations. This point is discussed 
further in a later section. 
The biexponential features in the Fe(CO)+ decay 
curves indicate that Fe” in the state(s) that give rise to 
Fe(CO)+ react via distinctively different relaxation 
rates, and it is likely that these states are the 2G Fe+ 
and the 2F Fe+ ions. On the basis of the charge- 
transfer ion-molecule reaction chemistry data, the 2G 
Fe+ is the lowest energy electronic state with sufficient 
energy to form Fe(CO):. It is feasible that other high 
lying states are present, but the relative abundance of 
ions in this state(s) is expected to be very small [e.g., 
less than 3% of the total Fe+ ion population produced 
by SO-70-eV EI of Fe(CO),]. 
Comparison of the Relative Relaxation Eficiency of 
(Fe+)* by Difirent Reagents 
In general, collisional relaxation of (Fe+)* with NO 
and CH,OH is relatively efficient and proceeds with 
rate constants close to the collision rate. The largest 
rate constant (2 X 10mg cm3 molecule-’ s-i) corre- 
sponds to the collisional relaxation of 4s’3d6 (Fe+)* 
states (with energies greater than 10.71 eV) by CH,OH. 
Compared to the rate of relaxation of the other (Fe+)* 
ions, the 4F Fe+ * ion is the least efficiently quenched 
ion. NO is the most efficient gas (k - 6 X lo-” cm3 
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molecule-’ s- ’ 1 for the relaxation of the 4F Fe” * ion, 
and the rare gas atoms are the least efficient (rate 
constants of - 3 X lo-“, 3 X 10-i2, and 2 X lo-i2 
cm3 molecule- ’ s-r for He, Ar, and Kr, respectively). 
Also the largest rate constant (k - 9 x lo-” cm3 
molecule - 1 s-i 1 for the overall collisional relaxation of 
(Fe+)* to form 6D Fe+ is for relaxation of (Fe+)* by 
NO, and the smallest rate constant (k - 3 X 10-l’ cm3 
molecule - ’ s-l) is for collisional relaxation by He. 
The N, and CO gases collisionally relax Fe+ in the 
4F Fe+ state less efficiently than ions in the higher 
energy states, and CO is a better quenching reagent 
than N,. In particular, CO relaxes the (Fe+)* ions with 
energies between 8.90 and 10.51 eV approximately two 
times faster than N,. The largest rate constants ( - 6 x 
lo-” and 6 X lo-” cm3 s-l for N, and CO, respec- 
tively) correspond to the collisional relaxation of Fe+ 
in the 4s’3d6 states with energies greater than 10.68 
eV. Note also that the 4F Fe+ ion is not collisionally 
relaxed by CO or N,. 
The rate constants for collisional relaxation of (Fe+)* 
by H, and 2H2 are the same to within the experimen- 
tal error. For example, the overall rate constants for 
collisional relaxation of (Fe+)* by H, and 2H2 are 
approximately 1 X 10-l’ cm3 molecule-’ s-l. Note 
that H, and 2H2 are the only collision gases that more 
efficiently quench Fe + in high lying states (ionization 
energies of 11.64 eV and above) than in the low energy 
states (Table 2). 
Compared to the other reagents, rare gas atoms 
collisionally relax (Fe+)* in a relatively inefficient 
manner. Helium and argon relax 4F Fe+ at approxi- 
mately the same rate and at a rate that is two times 
greater than that for Kr. The general trend for the 
collisional relaxation of the high lying states is in the 
reverse order. For example, Kr relaxes Fe + in elec- 
tronic states with energies greater than 10.68 eV ap- 
proximately seven times faster than does He and two 
times faster than does Ar. The relative rates (Kr > Ar 
> He) suggest that collisional relaxation of (Fe+)* by 
rare gas atoms is not a simple physical process [e.g., 
conversion of electronic energy of (Fe+)* to the trans- 
lational energy of the rare gas atoms (this point is 
discussed further in a latter section)]. Because the 
higher lying (Fe+)* states have mainly the 4s’3d6 
electron configuration and the first excited state has a 
3d’ electron configuration, it appears that Ar and Kr 
can interact with the 4s13d6 configuration on a more 
attractive potential surface than that for He. 
Mechanism(s) of Collisional Relaxation 
Armentrout [2c, 71 proposed a mechanism for colli- 
sional relaxation of excited state metal ions that in- 
volves the formation of short-lived collisional interme- 
diates, such as (Fe+)* a** Rg, when Rg denotes a rare 
gas atom. In the specific case of (Fe+)*, Armentrout 
reported that relaxation of 4F Fe+ to 6D Fe+ requires 
approximately 600 collisions with Ar, whereas relax- 
ation of highly excited states of (Fe+) requires 103. 
collisions with Ar and lo5 collisions with He. The 
inefficiencies of the collisional relaxation processes are 
rationalized in terms of the low probabilities of interac- 
tions between surfaces that evolve from electronic 
states that have different spins [2c]. 
Although collisional relaxation efficiencies mea- 
sured in the ICR experiment appear to contradict Ar- 
mentrout’s data, this clearly is not the case. For in- 
stance, collisional relaxation of (Fe+)* that gives rise to 
Fe(CO): by Ar is complete by approximately 1.8 s 
(6-10 collisions). However, the abundance of (Fe+)* 
ions that yield Fe(CO)+, Fe(CO):, Fe(CO)z, and 
Fe(CO): are still present after 2-s reaction time. We 
did not measure the disappearance rate for reaction 
times greater than 2 s, because other ion loss mecha- 
nisms cause ion signal decay. However, at reaction 
times of 100-500 s (> 500 collisions) ‘measurable 
amounts of (Fe+)* ions are still present. 
The most plausible mechanism for collisional relax- 
ation of (Fe+)* by the rare gas atoms is the curve- 
crossing mechanism proposed by Armentrout [2c, 71. 
According to a curve-crossing mechanism, collisional 
relaxation of (Fe+)* is likely to occur when the poten- 
tial energy curves between (Fe+)* states and lower 
lying states cross. Thus, high lying states should be 
less efficiently quenched to the ground state under 
thermal collision conditions and the larger rare gas 
atoms should be more efficient quenchers than the 
lighter rare gas atoms. The experimental data for relax- 
ation of (Fe+)* by He, Ar, and Kr are in general 
agreement with a curve-crossing mechanism. The fact 
that the trend in the relaxation data for 4F Fe” is in the 
reverse order, He > Ar > Kr, is probably related to the 
small energy differences between these states and the 
promotion energy required for the 3d’ to 4s’3d6 reac- 
tion. 
In a previous paper [2al, we proposed an electron- 
transfer mechanism for collisional relaxation of specific 
states by NO. This mechanism (Scheme I) is only 
operative for the 4s’3d6 (Fe+)* states with energies 
greater than 10.68 eV, and the product of this reaction 
is the % Fe+ state that has a 4s23d5 electron configu- 
ration. We proposed that the reaction 4s13d6 + 4s23d5 
occurs by r* electron transfer from NO to the s-orbital 
of (Fe+)* and back-donation of the Fe+ d-orbital elec- 
tron to the empty NO 7r*-orbital. Such a reaction is 
only possible if the total energy of the (Fe+)* state 
[ionization energy of the Fe+ plus the energy of the 
(Fe+)*] is greater than the ionization energy of NO 
(9.26 eV) [2a]. Apparently, this reaction is in direct 
competition with the charge-transfer reaction channel. 
The H, and 2H, collisional relaxation data sharply 
contrast with the NO results. In particular, the high 
lying (10.68-eV) 4s’3d6 (Fe+)* states do not react with 
H, and 2H, to form the % Fe+ ion. Note the decrease 
in the abundance of Fe(CO): ions with H, collision 
gas during the first 400 ms, but the relative abundance 
of these ions remains constant between 400 ms and 2 s. 
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Fe+ ( 4~~3%) + NO 
1 
[( 48’ 3&Fe+.- NO ]* 
I 
[( 33d6 )Fe .- NO+ ] 
( 4a%d6)Fe + NO+ (4s?3d5)F’i + NO 
Scheme I 
Thus, a substantial fraction of the (Fe+)* ions, proba- 
bly the !S Fe+, does not react with H,. Because the 
single rr* electron of NO plays a critical role in the 
formation of the % Fe+ ion via an electron-transfer 
reaction, such a process is not accessible in reactions of 
(Fe+)* with H, or ‘H,. That is, collisional relaxation of 
high lying s’d6 (Fe+)* states by H, and ‘H, must 
proceed directly to the (Fe+)” and/or (Fe+)* state(s) 
that are not coupled to the ‘? Fe+ state. It is possible 
that relaxation of the high lying s’d6 Fe+ ions occurs 
by a mechanism that involves H-H bond insertion 
followed by reductive elimination of rovibrationally 
excited H, or *H, (see subsequent text). 
Ridge and co-workers [2h, 2i] invoked a chemical 
relaxation reaction to explain results for the Cr+/CH, 
system. It is possible that a similar mechanism also is 
operative for (Fe+)* reaction with H,, 2H2, CH,, and 
CHsOH. That is, (Fe+)* undergoes oxidative insertion 
into the H-H, C-H, and C-O bonds, energy is 
partitioned into available degrees of freedom, and the 
collision complex then dissociates to reactants. The 
ability of (Fe+)* to insert into the H-H, C-H, and 
C-O bonds is strongly dependent upon the elec- 
tronic configuration of the reacting (Fe+)* state [2c, 2g, 
171. The 3d7 (Fe+)* ions insert more readily than do 
4s’3d6 (Fe+)* ions, and the 4s23d5 (Fe+)* ions are 
more repulsive than the other two electronic configu- 
rations. On the basis of this argument the 3d7 states 
should be quenched more efficiently by reactions with 
H2, 2H2, CH,, and CH,OH than the 4s’3d6 states. 
Indeed the (Fe+)* that give rise to Fe(CO)l ( y = 3 and 
4) are comprised mostly of 3d7 (Fe+)*, and these states 
are depleted more efficiently than are (Fe+)* ions that 
react to form Fe(CO): and Fe(CO)+ ions. 
The chemical relaxation mechanism also is sup- 
ported by the observation that H,, 2H2, CH,, and 
CH,OH only quenches a fraction of (Fe+)* states that 
give rise to Fe(C0): charge-transfer product ions. The 
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fraction of (Fe+)* ions that are quenched by these four 
reagents corresponds to the 4s’3d6 (Fe+)* ions, and 
we suggest that the unreactive fraction corresponds to 
the 4s23d5 ‘(Fe+)* ions. Bond insertion by 4s23d5 Fe+ 
is unfavorable due to the doubly occupied 4s-orbital, 
which cannot accept a-electron(s) from H-H , C-H , 
or C-O. Furthermore, the 4s23d5 (Fe+)* ion also 
does not have spin-paired d-electrons to donate in the 
empty @*-orbital of the neutral reactant; thus it is 
highly unreactive. 
Conclusion 
It is demonstrated from the results presented in this 
paper that bimolecular collisional relaxation dynamics 
of (Fe+)* can be probed by using dissociative and 
nondissociative ion-molecule reaction chemistry un- 
der low pressure FI-ICR experimental conditions. On 
the basis of these results we conclude that (Fe+)* ions 
undergo collisional relaxation reactions to form (Fe+) 
ions or lower energy (Fe+)* ions. The relaxation dy- 
namics are complex and vary dependent on the nature 
of the collisional relaxation reagent and/or the energy 
level and electron configuration of the (Fe+)*. For 
instance, NO collisionally relaxes 4s’3d6 (Fe+)* with 
ionization energies greater than 10.68 eV by an elec- 
tron-transfer mechanism, whereas H,, 2H2, CH,, and 
CH,OH relax the (Fe+)* ions by a chemical relaxation 
mechanism. NO, CH,, and CH,OH are the most effi- 
cient quenc.hing reagents, with rate constants that ap- 
proach the Langevin collision rate. The rare gas atoms 
are the least efficient quenching reagents. 
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